We take advantage of the wealth of rotation measures data contained in the NVSS catalogue to derive new, statistically robust, upper limits on the strength of extragalactic magnetic fields. We simulate the extragalactic contribution to the rotation measures for a given field strength and correlation length, by assuming that the electron density follows the distribution of Lyman-α clouds. Based on the observation that rotation measures from low-luminosity distant radio sources do not exhibit any trend with redshift, while the extragalactic contribution instead grows with distance, we constrain fields with Mpc coherence length to be below 1.2 nG at the 2σ level, and fields coherent across the entire observable Universe below 0.5 nG. These limits do not depend on the particular origin of these cosmological fields.
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MOTIVATION
Is the Universe permeated by an all-encompassing magnetic field (MF)? MFs are already observed in nearly all types of structures, from planets to galaxies to clusters of galaxies [1] [2] [3] [4] , but cosmological magnetic fields still remain elusive. Nonetheless, understanding their characteristics has cardinal relevance in many fields in astroparticle physics and cosmology: propagation of ultrahigh energy cosmic rays (UHECRs), structure formation, early and very early Universe models, physics beyond the Standard Model, radio-astronomy, and so on, see [1] [2] [3] [4] [5] [6] .
One way cosmological MFs manifest themselves is by rotating the plane of polarisation of electromagnetic waves propagating from far away sources to the Earth. The main idea of this work stems from a very simple observation we made in our previous paper [7] : Faraday rotation measures (RMs) of distant objects do not show any evolution with redshift. However, if there is an all-pervading, extragalactic MF (egMF) we do expect a quite pronounced change in the distribution of RMs with distance. We can thus limit the strength of such a field by comparing simulated and observed RMs distributions.
Currently, the strongest upper limits on the strength, B, of present-day egMFs come from microwave background observations [8] and readB 3 nG for a coherence length l c = 1 Mpc. In the special case of a scale-invariant MF spectrum, these limits could be further lowered to 0.7 nG, if one accounts for their impact on the ionisation history of the Universe. Notice that these limits apply only to primordial MFs, i.e., fields generated in the very early Universe, while, for instance, cosmological MFs could be generated at later stages by various astrophysical mechanisms (e.g. [9, 10] ).
The limits coming from the analysis of RM data are less restrictive: according to [11] , fields correlated on Mpc scales are bound to haveB 6 nG. A comprehensive overview of present and earlier constraints coming from RM observations can be found in [3] .
With our method, and thanks to the new available RM data, we can improve on these limits by five times: we find that egMFs with coherence lengths of about 1 Mpc and strengths above 1.2 nG are incompatible with current RM observations at the 2σ level; this limit becomes about twice as strong if the egMF is coherent across the entire Universe.
METHOD
Observations. The plane of polarisation of a linearly polarised electromagnetic wave which moves through a magnetised plasma rotates by an angle ϕ proportional to the square of the wavelength λ: ϕ = RM λ 2 , where
Here n e is the density of free electrons measured in cm −3 , B || is the component of the MF parallel to the line of sight (in µG), and D is the distance to the source in kpc; here and everywhere RM is measured in rad/m 2 . Notice that in order to gain some knowledge about the MF, some independent estimates of n e are required.
The largest set of RM of extragalactic sources to date was compiled in [12] from the NRAO VLA Sky Survey (NVSS) data [13] . The total number of observed sources was 37,543, of which 4002 have known redshifts [14] . From this set, we accepted only sources with galactic latitude |b| > 20
• , |RM| < 300 rad m −2 (RMs from only two close frequencies are not fully reliable if their absolute values are too large).
Generically, we can split the observed RM as RM obs = RM gal + RRM, where the first term is the contribution of the regular MF of the Milky Way, and the second term stands for "residual RM", and encodes all other sources of RM once the local (regular) MF is subtracted: RM instrinsic to the source, measurement errors, turbulent galactic MF, and egMF (RRMx), see [15] for an estimate of these components. In order to disentangle redshift-dependent effects from those pertaining to the sources themselves, we computed their luminosity using, where available, the most recent spectral indices from [16] ; since not all sources have measured spectral indices, this reduced the total number of objects to 3051. This set was split into two using a luminosity threshold of L 1.4GHz = 10 27.8 W Hz −1 : the low luminosity group counts 2593 sources, while the high luminosity one includes 458 of them -notice that this particular choice of luminosity cut does not affect our results significantly, see [7] for details. When the RM gal contribution is subtracted from RM obs , one can see that RRMs of sources of lower power do not evolve with redshift. High power sources are systematically shifted towards higher RRM, but, with the data available today, it was not possible to determine whether this set evolves with z. Table I summarises this observation for the choices of luminosity cut and redshift binning which were made in [7] . The low luminosity set is the data set we employ in this work.
Simulations. When the extragalactic medium is permeated by a MF, this leaves an imprint on the observed RMs, see for example [11, 17] : the RRMx systematically grow with redshift due to their accumulation along the line of sight. The featureless behaviour which we observed instead is thus incompatible with what is expected if an egMF were present. By simulating the effects of this hypothesised egMF we can thence constrain its strength.
In order to build a model for RRMx we need to specify the properties of the egMF and the electron density n e . Following [11, 17] , the latter is assumed to be well described by the observed Lyman-α (Lyα) forest distribution of neutral hydrogen absorption lines. In particular, we take the analytical approximation which was given in [18, 19] , which is a standard log-normal distribution for the electron overdensity, δ e , with scale parameter σ e (z) = 0.08 + 5.37 
. Since the conductivity of the Universe is extremely large, and since diffusion of the MF is inefficient at scales much larger than 1 AU, we can safely assume that the MF is frozen into the plasma, see for instance [3, 6] ; thus, for spherical overdensities, it will scale accordingly as B(z) =B [n e (z)/n e (0)] 2/3 . Practically, we generate a large number of lines of sight in steps of λ J up to some given redshift, and we collect RRMx from each step. The electron density is generated at each step sampling the distribution (2); to simulate the randomness of the MF orientation, we recalculate its amplitude each time the distance travelled equals a multiple of the correlation length, drawing from a uniform [−1, 1] distribution [20] .
With these prescriptions, we have first obtained the expected theoretical egMF-induced |RRMx| evolution curves with redshift, by averaging 10 5 lines of sight out to redshift z = 5: the result is given in Fig. 1 for a benchmark MF reference value ofB = 1 nG: the rapid increase of |RRMx| with redshift is evident. Moreover, there is a clear transition, due to the overall redshift-dependence of |RRMx|, from lower to higher redshifts, roughly localised between z = 0.5 and z = 1: for l c = 1/H 0 the growth of RM is significantly damped at high redshifts, whereas if l c = λ J the curve becomes essentially flat. This transition is also observed in the different shapes of the |RRMx| distributions at different redshifts, and is in agreement with the earlier results of [11, 17] .
In our simulations we can generate only the contribution from the egMF. However, as we mentioned before, when comparing with the data one needs to account also for the turbulent Galactic fields, measurement errors, and intrinsic RMs. The two first contributions are dominant and do not depend on redshift; the third one does but it is subdominant. We can then exploit the data at low redshifts to obtain information about these redshift-independent contributions, also since at low redshifts they are going to be more important, and then utilise the high-redshift portion of the data to compare with the simulated distributions for the same set of sources, with the egMF included. For another approach to extract the extragalactic RM piece see [21] . We thus split everything in three redshift bands: for simplicity, and because it well matches what we would infer from Fig. 1 and more consistently by directly comparing the underlying distributions, we take the low redshift band to correspond to the bins 1 and 2 of Table I , that is, z = [0, 0.35], the high redshift band from z ≥ 1.3 (that is, bins 5 to 9), and a transition band -which we do not use -corresponding to bins 3 and 4, or z = [0.35, 1.3]. The three sets contain 836, 1178, and 579 sources, respectively. Reducing the size of the intermediate band does not strengthen our constraints but marginally, despite the fact that many sources are found in this redshift range, because the increase in number of sources is counterbalanced by a less pronounced contribution of egMF compared to other sources of RRM.
We finally build the needed simulated distribution of |RRM| at high-z as follows. First, we randomly pick one RRM from the low-z set: this serves as our estimation of the z-independent contribution which we can not simulate in our model (and for which a specific value we do not want to adopt a priori ) -that is, in this low-z bin we have that |RRMx| |RRM|. We then generate a second batch of RRMx values by simulating 100 lines of sight for each of the sources of the high-z set, that is, a total of 57,900 lines of sight. This RRMx is generated for our benchmark field value ofB = 1 nG, and then rescaled for any other value ofB, simulating the egMF contribution we are seeking. Randomly picked values from both batches (one each) are then incoherently added (that is, each with its own sign) 10 5 times to generate the final theoretical |RRM| distribution, as a function of the MF strength and coherence length, that we can compare with the actual data. 
RESULTS
We compared the two distributions -the data, and the theoretical predicted sample -by means of a Kolmogorov-Smirnov (KS) test. This test allows us to exploit all of the information contained in the distributions, and is more fit to perform this analysis than a simple comparison of means in a given redshift bin, since these tend to fluctuate widely due to the underlying lognormal distribution for n e , which is indeed the major source of fluctuations.
In Fig. 2 we show an example of the PDFs and CDFs of the two distributions we are comparing: the data and a simulated |RRM| withB = 3 nG and l c = λ J , where it is clear that such a field value is strongly disfavouredthe two distributions are statistically incompatible. B = 1.7 nG, respectively. For the Universe-wide case the limits are somewhat stronger: 2σ is already attained at B = 0.5 nG. One may worry that in this case however the expected |RRMx| evolution with redshift is not constant, see Fig. 1 . We have checked that the result remains the same if we further split the high redshift band into two because neighbouring high redshifts generate similar |RRMx| distributions.
CONCLUSION
Extragalactic MF with coherence lengths of about 1 Mpc can not be stronger than 1.2 nG (at the 2σ level), whereas a Universe-wide egMF is bound to be weaker than about 0.5 nG. These limits are obtained using RM data from extragalactic sources, and are valid independently of the origin of these egMF. Moreover, these limits are a fivefold improvement over those previously available in the literature, and are now competitive with microwave background ones (which however apply only to primordial fields).
This improvement stems from the observation that RMs of low luminosity distant objects do not evolve with redshift. This, combined with a much larger and better set of data, the RM compilation of the NVSS catalogue, enabled a much more robust statistical approach to constraining the egMF.
A straightforward application of these limits is to UHECRs propagation: if an egMF withB 1 nG and l c λ J existed, it would alter the way UHECRs propagate by deflecting them quite significantly. The median deflection for a proton primary of even the highest energy, 10 20 eV, would be around 9 deg when propagating from a distance of 200 Mpc. This is a result of a simulation with the same Lyα distribution for n e andB rather than the simplified homogeneous cell model usually implemented.
Our approach can be directly ported to analyse the data coming from the next generation of radio telescopes, in particular the Square Kilometer Array [22] . The main limitation in the currently available data is the low number of sources, particularly those with precise redshift and spectral index information. The new data will significantly overcome this limitation, and allow a much more robust determination, and a marked strengthening, of our limits.
